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Abstract 


The composite cathode consisting of A-site deficient perosvkite material Lag 5gSro,4C0o,2Fep.g03_3 (LS8SCF) and Ceo.8Gdo202-5 (GDC) on 
YSZ electrolyte is studied for potential applications in intermediate/low-temperature solid oxide fuel cells (SOFCs). Impedance spectroscopy 
measurements are performed in air over the temperature range of 600—800°C under open circuit potential. The results show that the addition 
of 40 wt.% GDC to L58SCF (L58SCF-—GDC40) results in the lower polarization resistance (0.07 Qem? at 800°C, 0.11 Qem? at 750°C and 
0.22 2 cm? at 700°C) than other composite cathodes and its activation energy values calculated for the low- and high-frequency arcs are 0.86 and 
1.10 eV, respectively. The composite cathode exhibit high exchange current density and low charge-transfer resistance. 
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1. Introduction 


The perovskite material Lag 6Sro,4Coo.2Fep.303_3 (LSCF) is 
one of the more promising cathode materials for SOFC opera- 
tion below 800°C. It is known that oxygen ionic conductivity 
is attributed to the concentration of oxygen carrier—oxygen 
vacancy. The oxide ion conductivity can be increased by the 
creation of more oxygen vacancies [1,2]. A-site deficient per- 
osvkite material Lag 5gSro.4Coo.2Fep.g03_3 (L58SCF) increases 
the ionic and electronic conductivity and the surface exchange 
of oxygen, which can be explained by the larger number of 
oxygen vacancies and electronic holes [6]. It was reported that 
the measured current densities of cells with A site deficient 
cathodeL58SCF, were as high as 1.76 A cm7? at 800°C and 
0.7 V, which is about twice the current density of cells with 
(La, Sr)MnO3/yttrium-stabilized zirconia (LSM/YSZ) compos- 
ite cathodes [6]. 

Impedance spectroscopy data for porous LSCF electrodes on 
YSZ and Gd or Sm doped-CeOz (GDC or SDC) electrolytes 
have shown lower interfacial resistance than conventional LSM 
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electrodes. The composite cathode, the proper addition of the 
ionic phase GDC/SDC to the cathode phase LSCF, results in the 
increase of triple phase boundaries (TPB) in the composite cath- 
ode and permits electrochemical reactions to occur within the 
electrode [3-5]. In addition, GDC in the cathode is considered 
to reduce the TEC without sacrificing the ionic conductivity. 
However, details concerning the electrochemical properties of 
the L58SCF—GDC composite cathodes are not reported. 

In the present study we analyze the composite cathode 
performance of addition Ceop.gGdo.202-3 to Lag.sgSro.4Coo,.2 
Fep.g03_5. Impedance spectroscopy measurements were carried 
out at temperatures between 600 and 800°C in order to ana- 
lyze cathodic polarization resistance of the solid state half-cells. 
YSZ electrolytes were used in order to determine the feasibility 
of using the composite cathode with this standard electrolyte 
material. 


2. Experimental 


GDC was prepared by an oxalate coprecipitation route 
[7] with cerium nitrate hexahydrate (Ce(NO3)3-6H20, 99.5%, 
Gansu Rare Earth Group) and gadolinium nitrate hexahydrate 
(Gd(NO3)3-6H20, 99.5%, Gansu Rare Earth Group). The result- 
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ing precipitate was vacuum-filtered, and washed five times 
with water and ethanol, respectively, and then dried at 80°C 
in an oven. The dry oxide powders were calcinated at 750°C 
for Sh. 

L58SCF was synthesized by the citrate method [8] with 
these materials, La(NO3)2-6H20 (99.5%, Gansu Rare Earth), 
Sr(NO3)2 (99.5%, Gansu Rare Earth), Fe(NO3)3-9H20 (98.5%, 
Gansu Rare Earth), Co(NO3)2-6H20 (99%, Gansu Rare Earth) 
and citric acid (99.5%, Tianjin Bodi). Mole ratio of citric acid 
to total metal cation content (abbreviated as C/M) is 1.8. The 
nitrates were weighed according to the nominal composition of 
Lao.5gSro.4Coo,2Feg.g03 and then dissolved in a beaker of deion- 
ized water. After adding a designed amount of citric acid, small 
amounts of ammonia solution (content 25-28%, Tianjin Bodi) 
was dripped to adjust the pH of the precursor solution. The pre- 
cursor solution was dehydrated at 80°C to form a sol, followed 
by a further heating at 150°C to yield a gel. The resulting gel 
was pulverized and calcinated at 750°C for 2h. 

YSZ powders (40nm, Tohso) were cold-pressed into pel- 
lets with the size of 13mm in diameter and 0.7mm in 
thickness, and then sintered at the temperatures 1500°C for 
5h. The composite working electrodes (WE) L58SCF—GDC 
(LS58SCF:GDC = 70:30, 60:40, 50:50, 40:60, wt.%; and here- 
after are identified as LS8SCF—GDC30-L58SCF—GDC60) was 
prepared by mixing Lag.sgSro.6Coo.2Feo.303-s powder with 
Gdo.2Cep,g02_5 powder using roll milling. The average par- 
ticle size of the starting powders was 0.47 um (dso) for the 
L58SCF and 0.16 wm (dso) for the GDC by Laser Particle Sizer 
(LS900, OMEC). LS8SCF—GDC powder was then mixed with 
terpineol (solvent) and ethyl cellulose (binder) to form a cathode 
paste. The paste was applied on the one side of electrolyte using 
screen-printing method, which followed by sintering at 1000 °C 
for 2h. Before coating, the YSZ substrates were roughed using 
240 mesh SiC paper in order to improve adhesion between the 
cathode film and electrolyte substrate. The thickness of com- 
posite cathode was about 20 um and the cathode area was about 
0.25 cm?. 

The cross-section of the composite cathodes was polished 
using SiC 1000 mesh paper, and then was coated with gold 
to obtain conductive gold film. Morphology and component 
of the composition cathode were examined by a FEI SIRION 
scanning electron microscope (SEM). The compositions of the 
composition cathode were analyzed by Energy dispersive X-ray 
spectroscopy (EDS, LeicaS440). The phase of L58SCF-GDC40 
composite cathode was examined with Rigaku D/max-IB X-ray 
diffractometer (XRD) using Cu Ka radiation. 

Impedance measurements were carried out using a poten- 
tiostat/galvanostat (model PARSTAT® 2273, Princeton Applied 
Research). Three-electrode setup was used with the cathode as 
the working electrodes (WE). A commercial Pt paste (PC-Pt- 
7840, Sino-Platinum Metals) was applied to the edge of the 
same side of electrolyte as reference electrode (RE) and to the 
other side of electrolyte as the count electrode (CE), Fig. 1. The 
frequency range was 10 mHz to 10° Hz with a signal amplitude 
of 5 mV. Measurements were taken over a temperature range of 
600-800 °C at air under open circuit potential. The impedance 
fitting analysis was controlled with software (Zsimpwin). 
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Fig. 1. Holder is for three-electrode SOFC for high temperature electrochem- 
istry measurement. 


3. Results and discussion 


3.1. XRD and SEM of the LS8SCF-—GDC40 composite 
cathodes 


Fig. 2 shows the XRD pattern of the LS8SCF—GDC40 com- 
posite cathode. No resistive phases, either La2Zr207 or SrZrO3, 
are detected by X-ray diffraction for the LS8SCF—GDC40 cath- 
ode on YSZ sintered at 1000 °C for 2 h. A well defined perovskite 
L58SCF oxide phase and GDC oxide phase can be seen from 
Fig. 2. However there are some extra peaks with small size in 
the XRD pattern. We find they belong to strontium iron oxide 
(Sr3Fe206+3) by XRD phase analysis software. Sr3Fe206+5 is 
a kind of the perovskite material related mixed ionic-electronic 
conductor, and not considered to be detrimental to the SOFC 
cathode [38,39]. Fig. 3(a—c) shows the SEM photographs of the 
cathode L58SCF—GDC40 and L58SCF, and sintered at 1000°C 
for 2h. It is confirmed in Fig. 3(a) that the GDC particles 
(bright phases in the image) are homogeneously dispersed in 
the L58SCF (dark phases). In Fig. 3(b and c), the particles of 
L58SCF—GDC40 are found to be continuous and to form the 
three-dimensional framework of the composite electrode. The 
particles of the LS8SCF—GDC40 are well attached to each other 
and a large number of porosity (31%) in the film provides the 
gas a pathway for easier transport. The L58SCF retains a small 
particle size and the addition of the GDC extends a triple phase 
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Fig. 2. XRD peaks of the LS8SCF-GDC40 composite electrode, deposited on 
the YSZ disc, and heated at 1000 °C for 2h. L: LS8SCF; G: GDC; #: strontium 
iron oxide (Sr3Fe206+5). 
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Fig. 3. SEM photograph showing cross-section of the L58SCF—GDC40 and the L58SCF cathode sintered at 1000 °C for 2h. (a) Surface backscattered image of the 
L58SCF—GDC40, (b) surface image of the LS8SCF—GDC40, (c) cross-section image of the L58SCF—GDC40 and (d) cross-section image of the L58SCF. 


boundary length (TPBL). The EDS patterns in Fig. 4(a and b) 
corresponding to selected areas in Fig. 3(a) show the L58SCF 
and the GDC phases in the composite cathode, respectively. The 
combination of two materials with different rate-limiting pro- 
cesses may allow a “short circuiting” of the limiting steps of 
each. For example, the GDC may provide rapid mass transport, 
while the LS8SCF may provide sites for efficient charge-transfer 
and surface exchange [9]. Nevertheless, it can be seen that the 
GDC particles are agglomerated slightly in the composite cath- 
ode in Fig. 3(a). The GDC particles are not sufficiently dispersed 
in the composite matrix during preparation. This means that it 
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is still possible to further improve the electrochemical activity 
of the electrode. 


3.2. Impedance analyses for the LS8SCF-GDC and the 
LS8SCF cathode 


The intercept of the impedance arc with the real axis 
at high frequencies corresponds to the ohmic resistance of 
the cell, which includes the resistance of the electrolyte, the 
electrode—electrolyte interface and the lead wire, whereas the 
one at low frequencies relates to the total resistance of the cell. 
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Fig. 4. (a and b) EDS patterns corresponding to selected areas in Fig. 3(a), energy unit of the horizontal axis is the keV. 
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In general, the interfacial polarization resistance [10,11] (Rp) 
can be given by subtracting the low frequency intercept from 
the high frequency intercept. Low polarization resistances from 
the electrode—electrolyte interfaces offer high catalytic activity 


[12,13]. 


Fig. 5 shows the impedance spectra for the L58SCF and dif- 
ferent L58SCF—GDC composite cathodes sintered at 1000 °C 
for 2h. When test temperature >650°C, the induction can 
be observed in high frequency tail in Fig. 5. The size of the 
impedance arcs decreases with increasing X (X denotes GDC 
content, wt.%) from 20 to 40 wt.%. But the arcs increase, when 
X>40wt.%. When X=40 wt.%, the impedance arc becomes 
smaller than other composition arcs. The impedance arc of 
the pure L58SCF cathode is a larger arc than that of the 
L58SCF-—GDC40. The L58SCF—GDC40 depict the smallest 
cathode polarization resistance (0.07 Q cm? at 800 °C) among all 
the cathodes (Table 1). The equivalent circuit of the impedance 
curves was the same as that in Fig. 6. 
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Fig. 5. Impedance spectra measured under open circuit condition at 800°C in air for the LS8SCF—GDC and the L58SCF cathodes. 


Fig. 6 shows the impedance spectra for the L58SCF-GDC40 
cathode sintered at 1000 °C for 2h and the equivalent circuit of 
the impedance curves. The observed separable two impedance 
arcs at low and high frequencies for the LS8SCF—GDC40 show, 
however, that the oxygen reduction reaction is at least limited 
by two electrode processes during molecular oxygen reduction. 
The low frequency arc can be attributed to the diffusion pro- 


Table 1 
The sample cathodic polarization resistances at the test temperature 650-800 °C, 
sintering temperature 1000 °C (Q cm?) 


T (°C) 1# 2# 3# 4# 5# 6H 
650 2 2.44 3.31 0.52 1.27 1.94 
700 0.745 1.18 0.53 0.22 0.61 0.79 
750 0.345 0.57 0.17 0.11 0.25 0.4 
800 0.21 0.33 0.09 0.07 0.12 0.2 


1#: LS8SCF; 2#: L58SCF-GDC20; 3#: LS58SCF-GDC30; 4#: 
L58SCF-GDC40; 5#: L58SCF—GDC50; 6#: L58SCF-GDC60. 
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Fig. 6. Impedance spectra measured under open circuit condition in air for the L58SCF-GDC40 cathode. The equivalent circuit of the impedance curves for the 


L58SCF-GDC and the L58SCF cathodes. 


cesses, which include adsorption—desorption of oxygen, oxygen 
diffusion at the gas—film interface and surface diffusion of inter- 
mediate oxygen species. The high frequency arc is probably 
associated with charge-transfer processes, which include oxide 
ion diffusion in the bulk of cathode and incorporation of oxy- 
gen ions from three-phase boundary into YSZ lattice [14,15]. 
For the L58SCF—GDC4O0, the high-frequency arc is larger than 
the low-frequency arc in the lower temperature, which indi- 
cates charge-transfer processes probably limit the electrode 
reaction in the lower temperature. With increasing tempera- 
ture for the L58SCF—GDC40, the sizes of low-frequency arc are 
enlarged gradually, but also lower than that of the high-frequency 
arc, which typically indicates that the primary rate-limiting 
mechanism is related with charge-transfer processes [3]. These 
results emphasize the fact that under cathodic polarization the 
kinetic processes of the oxygen reduction are not only con- 
trolled by charge-transfer but also by adsorption—desorption 
and diffusion of oxygen. This is coherent with the fact that 
oxygen need to diffuse through the porous cathode, to adsorb 
on the L58SCF—GDC40 before being able to accept the elec- 
trons during the reduction and consequently oxygen ions are 
injected into the GDC particles that transport the ions to the 
cathode-electrolyte interface [16]. Hence, it is conceivable that 
the polarization resistance of the optimized composite electrode 
is decreased by extending TPBL, which results in much lower 
overpotential toward oxygen reduction, and by increasing the 
oxygen diffusion upon addition of an ionic conducting phase 
(GDC). Mizusaki et al. [17] studied the relationship between 
reaction kinetics and microstructures by the use of LSM as a 
cathode. They found that the limiting current not only depends 
on the electrode morphology along the three-phase boundary 
line but also on the internal cathode surface area, if a very 


limited internal surface area was provided for the cathode. They 
concluded that the surface diffusion processes also played a key 
role of oxygen reduction. 

Impedance spectra of the L58SCF—GDC40 and the L58SCF 
in Fig. 5 depict the cathode polarization resistance of the 
L58SCF—GDC40 is smaller than that of the L58SCF (showed 
in Table 1) and suggest that the GDC in the cathode improved 
oxygen diffusion rates and charge-transfer rates of oxygen ions 
at the electrode—electrolyte interface [6]. It is apparent that the 
better performance of the L58SCF—GDC40 composite cathode 
than that of the pure L58SCF was from the enlarging of the 
electrochemical reaction zone. For efficient fuel cell operation, 
a value of Rp <1 Q cm? is desired [18]. In the present study, the 
L58SCF—GDC40 composite cathode displays the lower Rp of 
0.07 2 cm? at 800°C, 0.11 2 cm? at 750°C and 0.22 Qcm? at 
700°C. Xia et al. [19] prepared the LSM-GDC (50:50 wt.%) 
composite cathode via a sol-gel process and found the polar- 
ization resistance of the composite cathode was 0.28 Q cm? 
at 700°C. Murray and Barnett reported [20] the Rp of the 
LSM-GDC50 on the electrolyte GDC was 0.34 Q cm? at 750°C. 
Leng et al. [21] reported that the LSM-—GDC composite (GDC: 
30 wt.%) cathode showed %13 times lower electrode polariza- 
tion resistance (~0.60 Q cm? at 750°C under open circuit) than 
that of pure LSM cathode (+8.19 Q cm? at 750°C under open 
circuit) on YSZ electrolyte substrates. It is evident that the 
L58SCF—GDC40 composite cathode can be potential applica- 
tion on YSZ in intermediate/low-temperature SOFC. 

It is known that the oxygen vacancies on the electrode sur- 
face provide the reaction site for the reduction of the molecular 
oxygen. The oxygen vacancies provide the pass way for the dif- 
fusion of the reduced oxygen ions [33,34]. Thus the oxide ion 
conductivity can be increased by the creation of more oxygen 
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Table 2 
Inductance, charge transfer resistance, double layer capacitance, and exchange current density of the ORR at the L58SCF-GDC40 composite cathodes 
T (°C) L(x1077 Hem?) R; (Qcm?) Q (Q7! cm~? s”) n Ra (Q cm?) Ca F cm~?) Ra (2cm?) 
650 0.81 2.481 0.05715 0.54 0.4502 0.00111 0.1015 
700 1.164 1.514 0.01962 0.68 0.1661 0.145 0.0594 
750 1.393 0.9849 0.3793 0.63 0.0730 0.00354 0.03318 
800 1.40 0.6794 0.9939 0.64 0.0436 0.00791 0.02388 


vacancies. The charge compensation mechanism in A-site defi- 
cient perovskites is the formation of the oxygen vacancies rather 
than B?t —> B® in the B-site [2]. Andreas et al. [6] reported A- 
site deficient perosvkite material L58SCF increased the ionic 
and electronic conductivity and oxide ion diffusivity, which 
can be explained by the larger number of the oxygen vacan- 
cies and electronic holes. The Rp of the L58SCF—GDC40, 
which is 0.11 Qem? at 750°C, is higher than that of the 
LSCF-GDC in Ref. [3], which is 0.01 Q cm? at 750°C. Such 
a result is attributed to the weaker agglomeration of GDC 
particles in the L58SCF—GDC composite cathode (showed in 
Fig. 3(a)). Further optimization of the fabrication process for 
L58SCF-GDC composite cathode is required to minimize the 
agglomeration of the GDC particles in the LS8SCF—GDC com- 
posite cathode. Jiang [37] used Gdo,1 Ceo.9(NO3), to impregnate 
LSM cathode, his research showed that after ion impregna- 
tion with Gdo.1Ceo.9(NO3),, very fine particles were formed 
around LSM particles and their particle size was in the range 
of 100-200 nm. Ceo.9Gdọo.102—5 particles were deposited on the 
LSM surface and at the electrode—electrolyte interface region. 
Thus the impregnation method will be an effective technique to 
solve the problem of agglomeration of the GDC particles in the 
L58SCF-—GDC composite cathode in the next step work. 

The oxygen reduction reaction at the L58SCF—GDC40 and 
the L58SCF on YSZ have been modeled using a equivalent cir- 
cuit, LR(QR) (CR), as shown in Fig. 6. The electrochemical 
impedance spectroscopy (EIS) data (for LS8SCF—GDC40) are 
fitted to the equivalent circuit shown in Table 2, with Rg/Ca 
and Ra&/Q units in series with a resistor (R,) and an inductor 
(L). A high-frequency inductive component coming from the 
measuring system is visible at temperatures above 650°C. The 
series resistance, Rs, corresponds to the overall ohmic resistance 
including of the electrolyte resistance between the WE and the 
RE, the contact resistance at the electrode—electrolyte interface 
and the resistance of the lead wires. The resistance Ra may relate 
to the oxygen adsorption—desorption on the electrode particle 
surface and surface diffusion of intermediate oxygen species. 
The resistance Ret can be attributed to the polarization during 
charge-transfer [3,25]. The capacitance Cy) as the double-layer 
capacitance, is contributed to the interfacial capacitance at the 
WE and YSZ electrolyte. Q is the constant phase element, n 
is the frequency power [22]. The Rg is attributed by the oxygen 
adsorption—desorption and the diffusion of the oxygen ions. The 
oxygen vacancies concentration of the cathode material should 
play an important role on the change of the Ra value. When the 
current passes, the reduction of the molecular oxygen-to-oxygen 
ions on the triple phase boundary can be greatly enhanced, and 
the oxygen-ion concentration gradient around the TPB region 


is then being increased. Therefore, the diffusivity of the oxy- 
gen ions can be improved. This ionic conductivity improvement 
enhances the diffusion of the oxygen ions, which are reduced on 
the electrode surface from the electrode surface to the TPB. This 
phenomenon can be seen as the extending of the TPB [25,35,36]. 

With increasing temperature, both R, and Ret are observed 
to decrease significantly, as shown in Table 2. It is found 
that the decreasing size of the arc on the high frequencies 
(Re — Q) is relatively larger than that on the low frequencies 
with increasing temperature. This result interprets that abilities 
of charge-transfer on the electrode surface are enhanced for the 
L58SCF-—GDC composite cathode in the high temperature. 

Dusastre’s paper [9] showed that the composite cathode 
Lao 6St0.4C00.2Fep.g03_3/Ceo,9Gdo, 1 O2_5 containing 30% in 
weight (36% in volume) Ceg,9Gdo,102_5 exhibited the lowest 
interfacial resistance or the highest catalytic activity for oxy- 
gen reduction, which classified this composite cathode as a 
promising material for intermediate temperature SOFC based on 
Ceo,9Gdo,;O2_3 electrolytes. Ionic charge-transfer reactions at 
mixed conducting electrode surfaces may be driven by vacancy 
concentration variations in the electrode rather than by electro- 
static fields and can yield a diode-like behavior [23]. 

Penetration depth studied by Adler et al. [14] have indi- 
cated that, for the mixed-conducting oxides with an average 
particle size of 1 ym, the electrode reaction zone extended up 
to 10 um from the electrode—electrolyte interface. The large 
reaction surface of these composite cathodes, especially the 
L58SCF—GDC40, might be generated from the effective sup- 
pressing of the sintering and growth of the L58SCF particles by 
the GDC particles during the cathode firing [5,24]. 


3.3. Activation energies of the cathode polarization for the 
L58SCF-GDC 


Activation energies (Ea) of the cathode polarization are 
derived from the Arrhenius equation (Eq. (1)). The slope of 
the log dT versus 1000/T data is the activation energy of the 
L58SCF—GDC composite cathodes (in Table 3). It is lower than 
prior studies of Lag.¢Sro.4Coo.2Feo.303_3 cathodes where acti- 
vation energies of ~1.5 eV were reported [9,26] and pure GDC 
phase where activation energies of ~0.9 eV [9]. The main rea- 
son might be that higher oxygen defect concentration, which 


Table 3 
The activation energies (Ea) of the LS8SCF—GDC composite cathodes (eV) 

1# 2# 3# 4H 5# 6# 
Ea 1.24 1.10 1.28 1.10 1.35 1,31 
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Fig. 7. Arrhenius plots of the conductivity as a function of temperatures for 
the low- and high-frequency arcs for the L58SCF-GDC40 composite cathode, 
sintered at 1000 °C for 2h. 


increases the oxygen vacancy concentration, is in the A-site 
deficient composite cathode LS8SCF—GDC [6]. 


5 = AoT! exp(—E,K~!T7') (1) 


where Ao is the pre-exponential factor, T the absolute tempera- 
ture, Ea the activation energy for small polaron hopping, and K 
is the Boltzmann constant. 

The activation energy values typically indicate that the 
oxygen reduction reaction (ORR) mechanism is related with 
the charge-transfer processes and the diffusion processes. 
Activation energy (L58SCF—GDC40, in Fig. 7) value of high- 
frequency arc (1.10eV) is lower than that of low-frequency 
arc (0.86eV). As mention above, the low frequency arc can be 
attributed to the diffusion processes, the high frequency arc are 
probably associated with the charge-transfer processes. Fig. 7 
shows that the charge-transfer in the electrode is more diffi- 
cult than the diffusion and adsorption—desorption of oxygen at 
the gas—electrode interface. Murray and Barnett [20] investi- 
gated the performance of LSM—GDCS50 composite cathode on 
YSZ electrolyte. The activation energy values for the low- and 
high-frequency arcs for LSM—GDCS50 were 1.26 and 0.92 eV, 
respectively. The comparative result indicates that diffusion and 
adsorption—desorption of oxygen and charge-transfer processes 
in the L58SCF—GDC40 cathode can be easier than that in the 
LSM-GDCS0. 


Table 4 
Exchange current density of the ORR at the composite cathodes 


3.4. Determination the exchange current density (ig) of the 
L58SCF-GDC40 


The exchange current, ig, the intrinsic oxygen reduction reac- 
tion rate, can be obtained electrochemically using AC impedance 
spectroscopy. The ig values obtained from the AC impedance 
measurements at all temperatures are tabulated in Table 4. For 
a simple system, io can be obtained from the diameter (charge- 
transfer resistance, Ret) of the Nyquist plot is calculated using 
Eq. (2). Eq. (2) is derived from the low-field approximation to 
the Bulter—-Volmer equation [27-30]. 


io = RTv(nFRe)~! (2) 


Here n is the total number of electrons passed in the reaction, 
v reflects the number of times the rate-determining step occurs 
for one occurrence of the full reaction, F the Faraday constant, 
R the gas constant. For the ORR, n and v are assumed to be 
4 and 1, respectively (as the total number of electrons passed 
per molecule of oxygen reduced is 4 and the rate limiting step 
would likely have a stoichiometry of 1 for the oxygen reduction 
reaction) [31]. 

Values for ig obtained from Eq. (2) are given in Table 4. 
It is observed that the ig increases from 9.79 to 529 mA cm~? 
by increasing the cell temperature from 600 to 800 °C. Table 4 
also shows that the ig of the L5S8SCF—GDC40 in all the test 
temperatures are larger than that of the LSM—YSZ composite 
cathode. These results suggest that the electrocatalytic activity 
of the L58SCF—GDC40 is higher than that of the LSM-YSZ. 
The higher electrocatalytic activity can arise from a number 
of sources. First, the L58SCF will have a significantly larger 
active surface area and higher porosity than the LSM, although 
it may have been anticipated that the composite nature of the lat- 
ter material would have offset these particle size (surface area) 
differences. Secondly, the ORR kinetics at the L58SCF—GDC 
interface may be inherently higher than that at the LSM—YSZ 
interface. However, most significantly, these results suggest 
strongly that the LS8SCF—GDC, which is known to be a mixed 
ionic-electronic conductor (MIEC), is active even in regions well 
away from the underlying YSZ electrolyte [32]. In other words, 
the ORR is occurring at the air-L58SCF interface, as well as 
at the air-L58SCF-GDC triple phase boundary, while in the 
case of LSM-YSZ, only the triple phase boundaries are active. 
These results clearly show the impressive advantages of using 
the L58SCF—GDC, the MIEC materials, as electrodes in solid 
oxide fuel cells [31]. 


T (°C) ig (EIS) (mA cm~?) 
L58SCF-GDC40 LSCF [31] LSM-YSZ [31] LSM-YSZ [16] LSM-YSZ [28] 
600 9.79 13 0.45 2.4 
650 44.1 (660°C) 13 
700 126 65 5.8 (690 °C) 24 31 
750 301 69 
800 529 (810°C) 194 230 
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Next steps for this study are to study the long-term stabil- 
ity of the L58SCF—GDC40 performance on YSZ under SOFC 
operating conditions. 


4. Conclusion 


The composite electrodes with the GDC added to A-site 
deficient perosvkite material L58SCF are investigated by AC 
impedance spectroscopy. The GDC in the cathode improve oxy- 
gen diffusion rates and charge-transfer rates of oxygen ions at the 
electrode—electrolyte interface and enlarge the electrochemical 
reaction zone in the composite. 

The polarization resistances of the L58SCF—GDC40 
(0.07 2 cm? at 800°C, 0.11 2 cm? at 750°C and 0.22 Q cm? at 
700 °C) are smaller than that of the L58SCF and other composite 
cathodes. It is evident that the L58SCF—GDC40 can be potential 
applications cathode on YSZ in intermediate/low-temperature 
solid oxide fuel cells. 

Activation energy values of the LS8SCF—GDC40 calculated 
for the low- and high-frequency arcs are 0.86 and 1.10 eV, 
respectively. 

The analysis of the EIS data of Lo8SCF—GDC40 suggests that 
charge-transfer process can be the key process in the cathodic 
reaction. The exchange current densities of the composite cath- 
ode are determined from the charge-transfer resistance obtained 
from the EIS experiments by the low-field approximation to the 
Bulter—Volmer equation. The exchange current densities of the 
L58SCF-GDC40 are 126 mA cm~? at 700°C, 301 mA cm~? at 
750°C and 529 mA cm~? at 800°C. 
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